Introduction {#sec1-1}
============

Repair mechanisms and therapeutic problems of premature infants with hypoxic-ischemic brain damage are becoming increasingly recognized by experts in perinatology\[[@ref1][@ref2][@ref3][@ref4][@ref5]\]. Current studies concerning functional rehabilitation after brain injury mainly focus on how to protect neurons, but seldom glial cells (such as oligodendrocytes)\[[@ref6][@ref7][@ref8][@ref9][@ref10][@ref11]\]. Periventricular leukomalacia is a kind of hypoxic-ischemic brain damage. A recent study showed that oligodendrocytes played an important role in the occurrence, development and turnover of periventricular leukomalacia\[[@ref12]\]. Cytokines produced toxic effects on white matter by inhibiting the differentiation of oli-godendrocyte precursor cells, inducing glial cell apoptosis, and causing myelin sheath degeneration\[[@ref13]\]. Therefore, effective therapy for white matter injury depends on in depth investigation into the mechanisms underlying oligodendrocyte injury and can be considered as a new therapeutic target for promoting the recovery of neural function. These studies further indicated the essential effect of oligodendrocytes on hypoxic-ischemic brain damage.

Oligodendrocyte lineage gene 1 (Olig1) triggers repair of the myelin sheath around injured neurons, indicating a crucial role in myelin sheath repair for this gene. Arnett et al.\[[@ref14]\] first reported in *Science* that Olig1 was expressed in oligodendrocytes after demyelinating injury in the brain and could repair the myelin sheath. A recent study confirmed that Olig1 was necessary for repair of the myelin sheath of transplanted neural progenitor cells in models of virus-induced demyelination\[[@ref15]\]. Olig1 is expressed during the maturity and regeneration of human oligodendrocytes\[[@ref16][@ref17]\]. Our pilot experiments verified that increased Olig1 gene expression contributed to myelin basic protein expression, indicating that the Olig1 gene played an important role in the repair of the myelin sheath. Previous studies on brain specimens from rodents and multiple sclerosis patients further verified that Olig1 gene expression in oligodendrocytes was vitally important for repair of the myelin sheath\[[@ref18][@ref19]\]. In models of virus-induced demyelination, Olig1 promoted the regeneration of the myelin sheath of transplanted neural progenitor cells\[[@ref20]\]. Another study found that oligodendrocyte development was delayed in Olig1 knockout mice\[[@ref21]\].

miRNA expression probably undergoes dynamic changes after cerebral trauma\[[@ref22]\]. After cerebral ischemia, the expression of neurogenesis-related miRNA, such as miRNA-9, is evidently upregulated\[[@ref23][@ref24]\]. The expression of miRNA-9 in patients with Alzheimer\'s disease or Huntington\'s disease is also apparently disordered\[[@ref25][@ref26]\]. miRNA-9 has been shown to play a crucial role in repair of the myelin sheath after hypoxic-ischemic brain damage\[[@ref27][@ref28][@ref29][@ref30][@ref31][@ref32][@ref33]\]. Bioinformatics analysis demonstrated that miRNA-9 complementarily, but incompletely, bound the gene, indicating a direct relationship\[[@ref31]\]. A recent study showed that miRNA-9 and Olig1 had a key effect on myelinization and brain injury, and miRNA-9 regulated the differentiation of oligodendrocyte progenitor cells by regulating serum response factor\[[@ref34]\]. miRNA-9 also played an important role in maintenance of myelinogenesis\[[@ref35]\]. It remains unclear whether there is a regulatory relationship between miRNA-9 and Olig1.

This study established a rat model of oxygen-glucose deprivation in immature tissue to simulate human premature infants with hypoxic-ischemic brain damage. Real-time quantitative PCR was used to explore dynamic expression pattern of Olig1 during hypoxic-ischemic brain damage and after miRNA-9 transfection. This study tried to understand whether the relationship between Olig1 and miRNA-9 was regulatory in nature.

Results {#sec1-3}
=======

Brain slice culture and establishment of oxygen-glucose deprivation model {#sec2-1}
-------------------------------------------------------------------------

Brain tissue from immature neonatal rats was sliced into 450-µm-thick sections using a tissue slicer. Brain slices were incubated in a culture plate insert. Brain slices grew well, were active, shiny, and gradually became translucent over time (Figure [1B](#F1){ref-type="fig"}, [C](#F1){ref-type="fig"}). Brain slice size became smaller and obviously thinner over time. One week following initial culture, brain slices were less than half their original thickness. Brain slices remained at this thickness for about 30 days (Figure [1A](#F1){ref-type="fig"}--[C](#F1){ref-type="fig"}).

![Preparation of whole brain slices from neonatal rats.\
Construction and identification of a brain slice model of oxygen-glucose deprivation. (A--C) Brain slices grew well during culture according to gross appearance (A, arrow) and were observed using an anatomic microscope (B, C; × 100). Brain slices were active, shiny, and uniform, and no tissue depletion was visible. (D) Blank control group: neurons and glial cells grew well (hematoxylin-eosin staining, × 1,000). (E) Oxygen-glucose deprivation group: pyknosis and fragmentation (arrows) appeared in neurons and glial cells (hematoxylin-eosin staining, × 1,000).](NRR-9-513-g001){#F1}

The experiment contained four groups, with four brain slices in each group. The experiment was performed in triplicate. The control group did not receive any treatment. The oxygen-glucose deprivation group underwent hypoxia (8% O~2~ + 92% N~2~) and glucose deprivation (glucose-free medium) for 60 minutes. In the transfection control group, after 60 minutes of oxygen-glucose deprivation, control plasmid (H1-GFP-Hygromycin) was transfected into the tissue. In the miRNA-9 transfection group, miRNA-9 plasmid was transfected (H1-miRNA-9-GFP-Hygromycin) after 60 minutes of oxygen-glucose deprivation. Both miRNA-9 plasmid and control plasmid sequences contained enhanced green fluorescent protein.

To verify the establishment of the oxygen-glucose deprivation model, 3 days after model induction, hematoxylin-eosin staining was used to compare sections from the control group ([Figure 1D](#F1){ref-type="fig"}). Karyopyknosis and nuclear fragmentation appeared after oxygen-glucose deprivation ([Figure 1E](#F1){ref-type="fig"}).

Effects of miRNA-9 transfection on cell morphology of brain tissues from immature neonatal rats with oxygen-glucose deprivation {#sec2-2}
-------------------------------------------------------------------------------------------------------------------------------

Enhanced green fluorescent protein expression was detected in brain tissue after transfection using fluorescence microscopy. Results showed that no apparent fluorescence was detectable in the oxygen-glucose deprivation group (no transfection). Obvious green fluorescence was visible in the miRNA-9 transfection and transfection control groups ([Figure 2](#F2){ref-type="fig"}).

![Cell morphology of brain tissue from neonatal rats undergoing oxygen-glucose deprivation after miRNA-9 and control plasmid transfection (× 100).\
(A, D) Oxygen-glucose deprivation group: no remarkable fluorescence. (B, E) miRNA-9 transfection group and (C, F) transfection control group: noticeable green fluorescence (plasmid with GFP gene, arrows). A, B, C: Fluorescence microscope; D, E, F: light microscope.](NRR-9-513-g002){#F2}

Effects of miRNA-9 transfection on Olig1 mRNA expression in brain tissue from neonatal rats with oxygen-glucose deprivation {#sec2-3}
---------------------------------------------------------------------------------------------------------------------------

Real-time PCR results exhibited that from the third day of brain slice culture, Olig1 expression gradually increased with prolonged culture time in each group. Olig1 expression peaked at 14 days after transfection, and diminished at 21 days. Olig1 expression reduced at 28 days in the oxygen-glucose deprivation group and transfection control group. Olig1 expression increased in the blank control group and miRNA-9 transfection group at 28 days ([Figure 3](#F3){ref-type="fig"}). Statistical analysis of real-time quantitative PCR results demonstrated that at 1, 3, 7, 14, 21 and 28 days after transfection, Olig1 expression was greater in the oxygen-glucose deprivation group than that in the blank control group (*P* \< 0.05). Olig1 expression was higher in the transfection control group than that in the miRNA-9 transfection group (*P* \< 0.05). At 1 day after transfection, Olig1 expression was higher in the oxygen-glucose deprivation group than that in the transfection control group (*P* \< 0.05). At 3 days, Olig1 expression was lower in the oxygen-glucose deprivation group than that in the transfection control group (*P* \< 0.05).

![Effects of miRNA-9 (miR-9) transfection on oligodendrocyte lineage gene 1 (Olig1) mRNA expression in brain tissues of neonatal rats undergoing oxygen-glucose deprivation (real-time quantitative PCR).\
^a^*P* \< 0.05, *vs.* transfection control group; ^b^*P* \< 0.05, vs. blank control group. The data are expressed as mean ± SD. Each group contained four brain slices. The experiment was conducted in triplicate at each time point. One-way analysis of variance and least significant difference test were used.](NRR-9-513-g003){#F3}

Discussion {#sec1-4}
==========

The development of the nervous system in neonatal rats aged 2--4 days is similar to that of the human fetus (28--31 weeks)\[[@ref36]\]. Our previous study demonstrated that at 28 days after hypoxia treatment, myelinated axons in the cerebral cortex, hippocampus and lateral ventricle of rats were visible in the normal group, but not obvious in the hypoxia group\[[@ref37]\]. Another study showed that expression of various transcription factors, such as Olig1, was upregulated in the subependymal region of adult mammals after cerebral ischemia, and participated in the ischemic pathological process\[[@ref38]\]. Hypoxia and ischemia mediated nerve demyelination. *In vivo* experiments have shown that Olig1 contributed to the differentiation and maturity of oligodendrocytes in rat neocortex, and played an important role in myelinization\[[@ref39]\].

miRNA is vital in regulating specific gene expression and determining nerve type\[[@ref40]\]. A recent study confirmed that miRNA could regulate self-renewal of neural stem cells and change the fate of nerve cells\[[@ref41]\]. Real-time quantitative PCR detected differential expression of nine miRNAs including miRNA-9, and these alterations possibly played a crucial effect in the pathophysiology of hypoxic-ischemic brain damage\[[@ref42]\]. miRNA-9 is significant in the differentiation of neural stem cells into neurons\[[@ref43]\]. The effects of miRNA-9 in the nervous system are varied. Previous studies confirmed that miRNA-9 suppressed the differentiation of neural progenitor cells, and promoted axon growth, development, and target regulation\[[@ref44][@ref45][@ref46][@ref47][@ref48][@ref49][@ref50][@ref51][@ref52]\].

This study supposed that a series of miRNAs, including miRNA-9, with altered expression after hypoxia and ischemia, regulated multiple target genes, resulting in nerve repair. This study established brain slice models of hypoxic-ischemic brain damage using immature rats to simulate human premature infants. Plasmid carrying miRNA-9 was transfected into rat brain slices, and the effects of miRNA-9 on Olig1 expression were observed in the present study. First, blank plasmid and plasmid with miRNA-9 were separately transfected into cells. Green fluorescent protein was expressed in cells transfected with plasmid successfully. Results demonstrated that blank plasmid and plasmid with miRNA-9 were successfully transfected into cells. Subsequently, Olig1 expression was analyzed at six time points in the four groups. Studies found that Olig1 gene expression was higher at six time points after hypoxia and ischemia than that in the normal state. After transfecting plasmid containing miRNA-9, Olig1 mRNA expression was noticeably decreased and reached a normal level. [Figure 3](#F3){ref-type="fig"} suggested that miRNA-9 possibly directly regulated Olig1. miRNA-9 becomes a key factor for regulation at the post-transcriptional level after Olig1 gene transcription by identifying and combining target gene Olig1 mRNA\[[@ref53]\]. Functional miRNA was predicted to probably regulate 20--30% of gene expression in the human genome\[[@ref53]\]. Simultaneously, human Olig1 mRNA had a long 3′UTR (about 1,374 bp), suggesting that the reduction in Olig1 expression in the miRNA-9 transfection group was possibly because of negative regulation of miRNA-9 on a post-transcriptional level, which diminished Olig1 transcriptional efficiency or directly inhibited its transcription. The regulatory effects of miRNA-9 on Olig1 require further verification using a double luciferase reporter gene method.

Simultaneously, results from this study demonstrated that under hypoxia and ischemia, Olig1 expression peaked at 14 days after transfection, and then decreased, which was possibly associated with myelinization. It is assumed that the myelin sheath was in a rapid growth period at 14 days after transfection, and then entered a slow growth period. This theory deserves further investigation.

At 7, 14, 21 and 28 days after transfection, no changes in Olig1 expression were detected between transfection control group and oxygen-glucose deprivation group. This observation indicated that after oxygen-glucose deprivation, transfection of control plasmid did not affect cells. At 1 and 3 days after transfection, differences in Olig1 expression were detected between the transfection control and oxygen-glucose deprivation groups. These findings suggested that transfection of control plasmid could affect experimental results. A possible reason may be that in the first 3 days after hypoxia and ischemia, cells did not recover from this insult, and did not enter a stable period of growth and metabolism. Transfected plasmid entered cells and affected normal Olig1 expression. With increasing culture time, effects of control plasmid on cells gradually disappeared and Olig1 expression recovered to normal.

There are various targets for miRNA-9; therefore its mechanism of action will be rather complicated. Moreover, few investigations have addressed the action of miRNA-9 on the repair of myelin sheath. These possible mechanisms still deserve further verification.

Materials and Methods {#sec1-5}
=====================

Design {#sec2-4}
------

A randomized controlled animal study.

Time and setting {#sec2-5}
----------------

Experiments were performed at the Experimental Animal Center, Capital Medical University and the Laboratory of Department of Pediatrics, Beijing Friendship Hospital, Capital Medical University, China from October 2011 to March 2012.

Materials {#sec2-6}
---------

### Animals {#sec3-1}

A total of 80 specific-pathogen-free Sprague-Dawley rats aged 3 days and weighing 8--10 g, of both genders, were provided by the Vital River, Beijing, China, animal license No. SCXK(Jing)2007-0001. All animals were housed in a 12-hour light/dark cycle at 24°C and humidity of 40%. The protocols were conducted in accordance with the *Guidance Suggestions for the Care and Use of Laboratory Animals*, formulated by the Ministry of Science and Technology of China\[[@ref54]\].

### Plasmids {#sec3-2}

H1-GFP-Hygromycin (blank plasmid), H1-miRNA-9-GFP- Hygromycin (miRNA-9 sequence: 5′-AUA AAG CUA GAU AAC CGA AAG U-3′) was provided by Genechem (Shanghai, China).

Methods {#sec2-7}
-------

### Culture of brain slices from immature neonatal rats {#sec3-3}

In accordance with the method described by Adamchik et al.\[[@ref55][@ref56]\], Sprague-Dawley rats aged 3 days were sterilized with 75% alcohol, anesthetized and decapitated. The brains were rapidly obtained and immersed in precooled buffer, supplemented with 64% Dulbecco\'s modified Eagle\'s medium (DMEM), 32% Hanks' balanced salt solution (Gibco, NY, USA), 6.5 g/L D-glucose, 2.98 mg/L hydroxyethyl piperazine ethanesulfonic acid (Sigma, St. Louis, MO, USA), 100 U/mL penicillin, 100 µg/mL streptomycin, and 2.5 µg/mL amphotericin (Gibco), and then cooled for 15 minutes. Meninges were removed under an anatomical microscope (Leica, Wetzlar, Germany). Whole brain tis-sue was sliced (450-µm sections) in a slicer (Ted Pella, Redding, CA, USA) coated with filter paper. Complete culture medium (1 mL), containing 50% DMEM, 25% Hanks' balanced salt solution, 25% horse serum (Gibco), 2.98 mg/L hydroxyethyl piperazine ethanesulfonic acid, 100 U/mL penicillin, 100 µg/mL streptomycin, 2.5 µg/mL amphotericin, and 6.5 g/L D-glucose, was added in each well of a 6-well culture plate (Costar, Kennebunk, CA, USA). Brain slices were incubated in a culture plate insert (Gibco), placed in 5% CO~2~ incubator (Heraeus, Wetzlar, Germany) at 37°C, 95% O~2~ + 5% CO~2~ saturated humidity. Four groups contained 16 brain slices, *i.e.*, four neonatal rats. A total of 24 neonatal rats were needed at six time points. Results were repeated in triplicate at each time point, so 4 × 6 × 3 = 72. That is, 72 neonatal rats were needed (80 rats were enrolled to fully ensure experiment needs). Brain slices were incubated in the incubator at 37°C, 95% O~2~ + 5% CO~2~ and saturated humidity for 36 hours. A semi-medium change occurred once every 3 or 4 days. All experiments were performed under aseptic conditions.

### Establishment and identification of a brain slice model of oxygen-glucose deprivation in immature neonatal rats {#sec3-4}

Whole brain slices of immature neonatal rats were incubated in glucose-free medium in the oxygen-glucose deprivation group, transfection control group and miRNA-9 transfection group. The above-mentioned brain slices were placed in a sealed container, which was filled with 8% O~2~ + 92% N~2~ (provided by Beijing Friendship Hospital in China) in a 37°C water bath, 0.5--1.0 L/min. Brain slices were deprived of oxygen and glucose for 60 minutes. Subsequently, brain slices were incubated in a 5% CO~2~ incubator (Heraeus) for further incubation. Brain slices in the blank control group were left intact. Hematoxylin-eosin staining was used to test if the hypoxia-ischemia model was successfully established.

### Transfection of miRNA-9 plasmid and corresponding control plasmid into brain slices from immature neonatal rats {#sec3-5}

Brain slices were transfected with Lipofectamine™ 2000 (Invitrogen, CA, USA). Plasmid containing target miR-NA-9, blank plasmid (plasmid: OPTI-MEM = 4 µg:125 µL) and Lipofectamine (Lipofectamine: OPTI-MEM = 10 µL:125 µL) were diluted and separately incubated for 5 minutes at room temperature. Plasmid containing target miRNA-9 and blank plasmid were separately mixed with LipofectamineTM 2000 for 20 minutes. The mixture was added in the wells containing corresponding brain slices. After gentle shaking, the specimens were placed in a 37°C 5% CO~2~ incubator for 36 hours. At 72 hours after transfection, the transfection was observed under a fluorescence microscope.

### RNA extraction and reverse transcription and fluorescence real-time quantitative PCR for Olig1 gene expression in brain tissue of immature neonatal rats {#sec3-6}

In accordance with the instructions from the total RNA extraction kit (Tiangen, Beijing, China), total RNA was extracted from animal brain tissue, and was considered as a template. Reverse transcription was performed as follows, with a total volume of 20 µL: 4 µL AMV 5 × reverse transcription buffer, 2 µL dNTP, 0.5 µL RNase inhibitor, 1 µL random primer, 1 µL AMV reverse transcriptase, 11.5 µL RNA sample, at 30°C for 10 minutes, 42°C for 30 minutes, and 99°C for 5 minutes. Synthesized cDNA served as a template. Quantitative PCR was conducted as follows with a total volume of 20 µL: 10 µL 2 × SYBR Green, 1 µL cDNA template, upstream and downstream primers (each 0.5 µL; GAPDH and oligodendrocyte lineage gene 1) and 8 µL distilled water. Reaction system: 95°C for 10 minutes, followed by 40 cycles of 95°C for 15 seconds and 62°C for 1 minute. Product size: Olig1: 182 bp, GAPDH: 75 bp. Primer information is listed as follows:

![](NRR-9-513-g004.jpg)

Target gene and internal gene GAPDH of the same specimen were separately amplified. Relative changes in gene expression were calculated with the following formula: fold change = 2^−△△Ct^ = 2^−△Ct^ (treated)−△Ct (control), where △Ct = Ct (detected gene)−Ct (housekeeping gene) and Ct is the threshold number.

### Statistical analysis {#sec3-7}

Measurement data were expressed as mean ± SD, and analyzed using SPSS 11.5 software (SPSS, Chicago, IL, USA). Measurement data were analyzed with one-way analysis of variance of completely randomized design. Paired comparison of intergroup mean difference was analyzed using least significant difference test. A value of *P* \< 0.05 was considered statistically significant.
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